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Abstract

Near-inertial currents in the DeSoto Canyon region are described using current and wind observations taken
between April 1997 and March 1998 for the “DeSoto Canyon Eddy Intrusion Study”. Distinct energy peaks are present at
near-inertial frequencies for the clockwise spectrum and there is little energy at the same frequencies for the
counterclockwise current spectrum. In this region, amplitudes of the near-inertial currents can be as high as 40cm 0
These currents are surface-intensified and display an increase in amplitude from the shelf break to offshore. Between
November 1997 and March 1998, they were effectively generated by shifting winds accompanying passages of cold fronts.
For this time period, near-inertial currents are reasonably well-simulated by a mixed-layer model forced by observed

winds. During summer 1997, however, enhanced near-inertial motions often resulted from resonance between winds and

existing currents.
Published by Elsevier Ltd.
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1. Introduction

Near-inertial oscillations are common features
observed in the open ocean and shelf seas. These
oscillations are produced most effectively by an
impulse of winds blowing for less than half of the
local inertial period on the surface layer, and in
ideal conditions, they may persist for several days
after their generation. Inertial oscillations are seen
as clockwise (CW) rotating, near-circular horizontal
currents in the northern hemisphere, with frequen-
cies slightly above the local inertial frequency
(Pollard, 1970; Perkins, 1972; Kundu, 1976). Ulti-
mately, these currents are gradually damped in
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shallow waters by bottom friction and/or out of
phase winds (Davies, 1985; Orlic, 1987). Addition-
ally, in stratified waters, the near-inertial energy is
often reduced by leaking below the pycnocline due
to the Ekman pumping (Weller, 1982) or by
radiating from a generation region in a form of
internal waves (Millot and Crepon, 1981).
Near-inertial currents are also ubiquitous in the
shelf/slope region in the northern Gulf of Mexico.
For example, Chen et al. (1996) and DiMarco et al.
(2000) have described such phenomena on the
Texas—Louisiana shelf. The DeSoto Canyon area
in the northeastern Gulf extends over the same
latitude range (28-30°N) as these earlier studies to
the west. Near-nertial currents are usually generated
by sudden changes in the surface wind stress
associated with the local wind field (Pollard, 1970;
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Pollard and Millard, 1970; Perkins, 1972). In the
northern Gulf of Mexico, however, these currents
have approximately diurnal periods and they may
be easily mistaken for currents generated by the
dominant (O, and K,) tidal constituents in the Gulf
of Mexico (Henderschott, 1973). Additionally, near-
inertial currents near 30°N may be associated with
diurnal surface heating and cooling (DiMarco et al.,
2000). Furthermore, near this latitude, the diurnal
sea-breeze frequency is also very close to the local
inertial frequency. Thus energetic near-inertial
currents could be forced by the sea breeze (Lerczak
et al., 2001; Simpson et al., 2002) or existing near-
inertial currents may become significantly enhanced
by resonance with this diurnal forcing. Finally,
presence of near-inertial motions could be one of
the most important factors in mixing across the
pycnocline (Krausse, 1981; van Haren, 2000; Davies
and Xing, 2004) in areas where tidal energy is low,
such as in the northern Gulf of Mexico.

An extensive experiment, “‘DeSoto Canyon Eddy
Intrusion Study” (Hamilton et al., 2000), was
conducted in the DeSoto Canyon region over 2
years beginning in March 1997. This experiment
included current, temperature, and conductivity
moorings and hydrographic surveys. These observa-
tions were collected close to the critical latitude for
diurnal motions. In this paper, we focus on the near-
inertial signal recorded by the moored current
meters as well as other observations pertinent to
the near-inertial motion, including nearby wind
velocities from meteorological stations. We attempt
to answer the following questions using the DeSoto
Canyon observations. Are near-inertial currents in
the DeSoto Canyon region the result of high-
frequency (near-inertial) wind forcing as found by
Chen et al. (1996) for the northwestern Gulf of
Mexico? Is there resonance between diurnal atmo-
spheric forcing and near-inertial motion as found by
DiMarco et al. (2000)? An outline of the paper is as
follows. Analyzed observations are described in
Section 2. Variability of near-inertial currents is
shortly discussed in Section 3. Current spectra and
variance for the near-inertial band are estimated
and discussed in Section 4. Results from complex
demodulation are presented in Section 5. In Section
6, based on results from a slab-like mixed-layer
model, driving mechanisms of near-inertial currents
are discussed. Resonance between diurnal atmo-
spheric forcing and near-inertial currents is de-
scribed in Section 7. Finally, a summary is given in
Section 8.

2. Observations

The data used for this study were obtained from
the DeSoto Canyon Experiment archives main-
tained by Science Applications International Cor-
poration (www.saicocean.com). Logistics of the
experiment, data return and descriptive analyses
(some concerning near-inertial motions) can be
found in Hamilton et al. (2000). Data used here
are primarily from the 13 moored acoustic Doppler
current profiler (ADCP) records and wind velocities
from NDBC buoy 42040 and CMAN station
DPIAI. Locations of the moorings and meteorolo-
gical stations are shown in Fig. 1. Extensive
hydrographic surveys were conducted during the
deployment and recovery cruises; some of the CTD
profiles adjacent to the moorings are also included
in analyses.

Most of the time series data extend over the
2-year period from March 1997 to April 1999. The
depth span covered by ADCP instruments varied
among moorings but at most locations, the max-
imum depth was no more than 80m, while the
minimum depth was no less than 8 m. The ADCP
bin size was 4m except for the D9 mooring where
8.7-m vertical bins were used. The data in the
archive were edited, and the ADCP data were low-
pass filtered at 3h (a Lanczos filter). The ADCP
series at the A1 mooring are in four segments; the
mooring was recovered and redeployed three times
during the experiment. Moreover, the first of these
started about 7 months later than the rest. The Bl
record covers only the first year of the experiment.
The wind velocity data from buoy 42040 has a gap
in the second year, but is contiguous from March
1997 into October 1998, covering most of the
experimental period, while the wind observations
from DPIA1 cover the entire deployment period.
Our analyses and discussion of findings will focus
on the time period common to the A2-E1 moorings
that is restricted by the length of observations from
the B1 location. Thus almost all analyses will be
performed for the current and wind data between
April 1, 1997 and March 31, 1998.

Prior to the analyses, tidal currents were removed
from the ADCP observations. Amplitudes and
phases of the tidal constituents were computed
using the tidal analysis program T_TIDE (Pawlowicz
et al., 2002). The principal tidal constituents
estimated and removed were Q,, O,, P;, K;, N,,
M,, and S,. Estimated amplitudes of the diurnal
tidal currents in the upper (70-80m) part of the
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Fig. 1. Map of DeSoto Canyon region and moorings. Black dots are current, ADCP, and temperature/conductivity moorings. Red

triangles are meteorological stations.

water column were usually below Scms™', while

those of the semidiurnal reached 2cms™'. These
small amplitudes are in good agreement with those
estimated from a barotropic tidal model (He and
Weisberg, 2002). The model estimates clearly show
that both principle diurnal and semidiurnal currents
are very small near the DeSoto Canyon when total
depths are larger than 100 m (see Fig. 10 in He and
Weisberg (2002)). Additionally, the variance of
diurnal tides estimated by Molinari and Mayer
(1982) from current observations collected just
southwest of the canyon also implies that there is
little energy in the tidal band.

3. Near-inertial current variability

In Figs. 2 and 3 we show samples of eastward and
northward current velocity components from the
16m bin of the A2 mooring, and of the wind
velocity from NDBC buoy 42040. Both wind and
current exhibit a broad spectrum of variability and
show elevated energy near diurnal periods, espe-
cially evident in the current record. The quasi-
diurnal fluctuations in the currents exhibit a phase
lead for the northward component relative to the
eastward component consistent with a CW rotation
of the vector, which is a signature of inertial

oscillations (Figs. 2(b) and 3(b)). This is generally
not seen in the wind velocity observations.

Between October and May, near-inertial currents
in the northern Gulf are mainly generated by
shifting winds (Fig. 2(a)) associated with passages
of atmospheric fronts (cold fronts) (Daddio et al.,
1978; Chen et al., 1996). These fronts are very
frequent and can appear in the Gulf every 3-10 days
during this time of the year (DiMego et al., 1976).
An example of near-inertial currents generated by
frontal passages is well documented in the analyzed
observations as shown in Fig. 2. Current oscillations
excited by winds accompanying cold fronts can
reach amplitudes as large as 40 cms™' such as those
between February 9 and March 11, 1997 shown in
Fig. 2(b).

During the summer months (June-September),
atmospheric frontal passages are very infrequent
and near-inertial currents in the Gulf are usually
induced by tropical storms, localized thunder-
storms, and diurnal atmospheric forcing (sea breeze
and daily heating and cooling). Those produced by
a tropical storm are shown in Fig. 3. Near July 18,
1997, there is a sudden increase in inertial current
energy (Fig. 3(b)), coincident with the rapid rise in
wind velocity (Fig. 3(a)) caused by Hurricane
Danny’s passage. This burst decays exponentially
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Fig. 2. Sample of east/west (black line) and north/south (red line) velocity components for (a) winds at buoy 42040 and (b) currents at the
A2 mooring for nonsummer months; positive values are directed eastward and northward; passages of prominent cold fronts between

February 9 and March 11, 1998 are marked by black triangles.
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Fig. 3. Sample of east/west (black line) and north/south (red line) velocity components for (a) winds at buoy 42040 and (b) currents at the
A2 mooring for summer months; positive values are directed eastward and northward.

increase in inertial energy in the current associated
with a smaller increase in the wind speed. On the
other hand, a stronger wind event between June 29

over several days, as would be expected with
impulse forcing (Price, 1983; Shay et al., 1998).
Between July 9 and July 14, 1997 there is a smaller
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and July 4, 1997 is accompanied by a decrease in
current energy. As suggested by DiMarco et al.
(2000) while near-inertial currents can be excited
from relatively quiescent conditions by a strong
broadband event such as hurricane Danny, in other
cases they can be excited by a weaker, fluctuating
wind, provided that the frequency and phase are
favorable for reinforcement, or a resonance effect;
an example of this is also evident in Fig. 3,
particularly between September 12 and September
22, 1997 where inertial current continues to
increase with steady and declining wind speed. The
inertial current energy envelope near September 22
has a distinctly different character than that near
July 19 (Fig. 3(b)). If the forcing is out of phase with
an existing burst of near-inertial currents, the
currents are suppressed (Crawford and Large,
1996). Phase relationships between winds and
near-surface currents are examined in greater detail
in Section 7.

The vertical structure of near-inertial currents
generated by winds associated with the cold front
and summer winds are displayed in Figs. 4(a) and
(b), respectively. Detided current data were also
band-passed (a sixth-order Butterworth 18-30h
band-pass filter) to isolate the near-inertial oscilla-
tions. These figures show only north/south velocity
components registered by instruments in Bl, B2,
and B3 moorings. At the shelf break (Bl mooring),
the near-inertial currents are characterized by a
vertical structure in which currents reverse direction
between 20 and 30m, i.e., below the mixed layer.
This reversal is related to the continuity condition
imposed by the land boundary (Millot and Crepon,
1981; Federiuk and Allen, 1996), while the specific
depth of the reversal is related to stratification
which differs between summer and nonsummer
months as discussed in the next sections. On the
slope (B3), there is a well-defined upward phase
propagation that is consistent with a downward
energy flux as expected for motions with a source at
the sea surface. Additionally, vertical distributions
of phases (not shown) obtained from the empirical
orthogonal function analyses (Denbo and Allen,
1984) clearly show this upward phase propagation
and also allow us to estimate the vertical phase
speed. This speed, for instance, at the B3 mooring
during the summer months is, on average,
0.16cm s~ for the frequency of 1 cpd. Furthermore,
phase differences between the upper depths (8—-16 m)
and those between 70 and 80 m are approximately
180° for nearly all locations. These differences seem

to imply that vertical structure of near-inertial
motions along the 100-m isobath in the DeSoto
Canyon region are dominated by the lowest
baroclinic modes.

4. Current spectra and variance at the near-inertial
band

Rotary spectra of current records (Figs. 5(a) and
(b)) show dominant CW energy at the near-inertial
frequency. These spectra were estimated from the
detided observations recorded at the 16-m depth for
the A2, B2, and C2 moorings and the time interval
between April 1, 1997 and March 31, 1998. CW
current spectra are also shown for summer (June
1997-September 1997; Fig. 5(c)) and nonsummer
(November 1997-March 1998; Fig. 5(d)) months for
the same depth and moorings. For these time
intervals, there are prominent peaks for the CW
energy at the near-inertial frequency band while
there is little energy for the counterclockwise
(CCW) energy (not shown) at the same frequency
band. Additionally, spectra shown in Figs. 5(c) and
(d) imply that there is more CW energy in the
DeSoto Canyon region in summer months than in
nonsummer months. Finally, rotary spectra for
wind data recorded at DPIA and buoy 42040 for
summer and nonsummer months (the same time
periods as for current observations) were also
estimated (Fig. 6). These spectra display distinct
peaks in the diurnal band for the CW energy. They
also show some decrease of the CW energy in the
diurnal band for the wind velocity from summer
(Fig. 6(a)) to nonsummer months (Fig. 6(b)). As
found by DiMarco et al. (2000) for the northwestern
Gulf, this difference for the CW wind energy may be
associated with diurnal heating/cooling and sea
breeze effects, more prevalent in the summer.

The actual peak in the CW spectrum for currents
depends on location and falls between 0.93cpd
(cycle per day) and 1.05cpd, while the local inertial
frequency varies between 0.96 and lcpd. The
frequency resolution, however, is approximately
0.1cpd so the difference is not significant. It is
generally expected that inertial motions occur at
frequencies slightly above the local inertial fre-
quency (f) if they are to exist as free waves (Perkins,
1972; Kundu, 1976) but Doppler and horizontal
shear effects may depress the effective value of f
(Kunze, 1985). The CW spectrum peak for the wind
is at 1.05cpd, consistent with the proposition that
diurnal atmospheric effects are present.
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Fig. 5. Rotary spectra of 16 m current velocities for the A2, B2, and C2 moorings: (a) counterclockwise and (b) clockwise spectra
estimated for the time period between Aprill 1997 and March 31, 1998, (c) clockwise spectra for summer months (June 1, 1997-September
31, 1997), and (d) clockwise spectra for nonsummer months (November 1, 1997-March 31, 1997).

The estimated CW spectra were used to estimate
current variance in the near-inertial band. Fig. 7
shows the averaged variance for currents measured
at 20 m between April 1, 1997 and March 31, 1998.
The variance distribution clearly indicates that near-
inertial energy increases from the shelf break to
offshore, and that near-inertial currents are the
most energetic at the A3, B3, and C3 locations. This
distribution is very different to that found in the
northwestern Gulf where near-inertial currents have
a maximum at the shelf break and diminish
gradually toward the coast and rapidly offshore
(Chen et al., 1996). The lowest near-inertial energy
at the shelf break in the DeSoto Canyon region is
probably related to the fact that the shelf break in
this area is near the 30°N latitude (see Figs. 1 and 7).
North of this latitude freely propagating internal
diurnal waves are not supported but instead are
refracted back towards the equator. Thus less
energy is allocated in the near-inertial band as
locations of the shelf break moorings approach this
latitude (Fig. 7).

When variance is estimated from the CW
spectrum separately for the summer and nonsum-
mer time intervals an offshore increase of near-
inertial energy is also apparent, as shown in Fig. 8
for the Cl1, C2, and C3 moorings when compared at
the same depth. The largest differences in near-
inertial variance are generally found in the upper
3040 m, except at A2 and A3 where the estimated
variance is comparable. The differences are more
prominent for the summer time period. Addition-
ally, vertical variance distributions at all C moor-
ings indicate that near-inertial currents are surface
intensified. This surface intensification is also
present at other locations as expected for motions
excited by surface wind forcing.

5. Complex demodulation of wind and current
velocity

We first examine the near-inertial current content
of the bins of all available ADCPs as well as the
rotary component makeup of the wind velocity
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Fig. 6. Clockwise spectra of wind velocities measured at the CMAN station DPIA and buoy 42042 for (a) summer months (June 1,
1997-September 31, 1997), and (b) nonsummer months (November 1, 1997-March 31, 1997).

record at the NDBC buoy 42040. Complex demo-
dulation (Perkins, 1976) applied to velocity data,
which have been band-pass filtered between the
periods of 3 and 40h (a sixth-order Butterworth
filter), yields CW and CCW components for a
specified frequency. The filter removes long-period
trends and high-frequency noise, resulting in a
cleaner presentation. The CW and CCW compo-
nents of the near-inertial currents were estimated for
a frequency of 1 cpd.

In the northern hemisphere, inertial oscillations
are characterized by CW rotation so at 30°N we
would expect the CW current component to be
dominant in the diurnal band. Wind generation of
inertial oscillations requires that the forcing have a
CW component at or near the local inertial
frequency. A CCW can also be present as in the
case of a rectilinear wind where the CW and CCW
amplitudes are equal. It is essential that the wind
and current be positively correlated in the vector
sense. Simpson et al. (2002) calculated a resonant
response dependence on the latitude for diurnal CW
and CCW wind stress components acting on a

shallow mixed layer, and found that near 30°N, the
CW component is dominant.

CW and CCW amplitudes of the wind and CW
amplitudes of the near-inertial currents are shown in
Figs. 9-11. While there is generally more CW than
CCW wind energy (Fig. 9), CCW amplitudes are
significant and occasionally exceed CW amplitudes.
For the currents (Figs. 10 and 11), the CW
component dominates. CW amplitudes are mainly
between 10 and 30cms™' but they often reach
values of 40cms™' while the largest CCW ampli-
tudes (not shown) are generally below 7cms™'
between April 1, 1997 and March 31, 1998. While
wind speeds are generally higher from late fall to
early spring in the northern Gulf of Mexico
(Gutiérrez de Velasco and Winant, 1996), the
near-inertial amplitudes tend to be higher in the
summer. Distributions of the CW amplitudes
confirm conclusions derived from the variance
distributions, i.e., (1) near-inertial motions are more
energetic in summer months, and (2) the strength
of near-inertial currents increases offshore from
the shelf break in the DeSoto Canyon region.
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Fig. 7. Clockwise variance (cm”s~2) of near-inertial currents at 20 m estimated for the time period between April 1, 1997 and March 31,

1998.

Stratification and mixed-layer depths in the north-
ern Gulf of Mexico differ from one season to
another and can be highly influenced by fresh water
discharges from local rivers, primarily from the
Mississippi River whose annual discharge is about
19,000 m’s~! (Wiseman et al., 1997). The greatest
impact of riverine waters on stratification and on
mixed-layer depths is historically observed in
summer when the largest volume of low salinity
waters is present (Hamilton et al., 2000; Jochens
et al., 2002; Morey et al., 2003). For a given forcing
amplitude, an induced near-inertial amplitude will
be greater for a shallow mixed layer that is
effectively decoupled from the deeper water by a
strong pycnocline (D’Asaro, 1985; Shearman,
2005). Such conditions are met during the summer
in the northern Gulf. Typical profiles of density ()
near the A2, B2, C2, and D2 mooring sites (Fig. 12)
show changing conditions with season. A pycno-

cline was established early in 1997 and deepened in
the summer (Figs. 12(a) and (b)). The following fall
(Fig. 12(c)), most of the pycnocline was mixed away
before the CTD survey. Spring (Fig. 12(d)) had no
shallow pycnocline. Thus the difference in the
amount of near-inertial energy near the DeSoto
Canyon is certainly related to differences in
stratification observed in the summer and nonsum-
mer months, i.e., a shallower mixed layer present
between June and September 1997 was more
inducive to wind forcing generating the near-inertial
motion. However, the offshore increase of this
energy, i.e., the largest amplitudes observed in the
summer and nonsummer months at A3, B3, and C3
could result from energy trapping due to the presence
of a negative relative vorticity field generated by
mesoscale circulation (Hamilton et al., 2000). The
negative vorticity reduces the effective frequency of
near-inertial motion so that the motion becomes



2416 E. Jarosz et al. | Continental Shelf Research 27 (2007) 2407-2426

a Jun 97 - Sep 97

—20 -

Depth (m)
]
»
o

)

-80 L 1 1 1 L

b Nov 97 - Mar 98

- C2

Cc3

1 I 1 | 1

0 200 400

Variance (cm? s %)

600 O 200 400 600

Variance (cm? s™%)

Fig. 8. Vertical distributions of clockwise variance for the near-inertial currents recorded at Cl, C2, and C3 moorings during (a) summer
(June 1, 1997-September 31, 1997) and (b) nonsummer (November 1, 1997-March 31, 1997) months.

— CCW
64— cw

5 -
4
3

Amplitude m s™

1 7 : 1‘ n‘

0 -r s T 1 T

! I“' ’* i1 I i‘

T T T b T T

Apr 97 Mar 97 Jun 97 Jul 97 Aug 97 Sep 97 Oct 97 Nov 97 Dec 97 Jan 98 Feb 98 Mar 98 Apr 98

Fig. 9. Clockwise (CW) and counterclockwise (CCW) amplitudes of winds recorded at buoy 42040 and obtained from complex

demodulation for a frequency of 1 cpd.

subinertial, trapped, and amplified in regions of
negative relative vorticity (Kunze, 1985; D’Asaro,
1995). Figs. 13(a) and (b) show respectively the near-
inertial amplitudes at 20 m estimated for the Cl1, C2,
and C3 moorings and vorticity estimated at C3
following a procedure described by Chereskin et al.
(2000). These two figures show that when vorticity is

negative the amplitudes at C3 can be more than
10cms™" larger than those at C1 and C2. It should be
also noted that the mooring setup is not particularly
well suited for computations of vorticity. Thus while
uncertainty in the absolute value of the vorticity
displayed in Fig. 13(b) may be high, its temporal
change is meaningful near the C3 mooring.
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Fig. 10. Clockwise amplitudes of near-inertial currents recorded in the DeSoto Canyon region during summer of 1997, obtained from

complex demodulation for a frequency of 1cpd.

In stratified waters, enhanced amplitudes of near-
inertial currents at A3, B3, and C3 coulds also result
from a presence of offshore-propagating near-
inertial internal waves. Numerous modeling efforts
show that these waves are generated either at the
coast as a consequence of upwelling/downwelling
effects or at frontal regions separating well-mixed
coastal and stratified ocean waters due to Ekman
pumping (see, for example, Tintoré et al., 1995;
Davies and Xing, 2004, 2005). Additionally, the
observed spatial amplitude variation for the same
near-inertial current episode could result from
differences in existing stratification (for instance,
due to bottom and/or surface fronts) and bathy-
metry. Finally, the distribution of the CW ampli-
tudes below 40 m at the shallowest moorings could
be partly related to the width of the shelf. The
amplitudes are larger where the shelf is broader (for
example, compare amplitudes below 40 m at Bl and
D1 moorings). Results from modeling efforts by
Xing and Davies (2003) suggest that this depen-
dence, on short-time scales, relates to the surface

elevation gradient which drives near-inertial cur-
rents below the pycnocline and whose magnitude
depends on the water depth, i.e., it decreases as the
water depth increases because of the continuity
constraint.

6. Simulation of near-inertial currents by wind stress

Occurrences of near-inertial currents in the
northern Gulf of Mexico are closely related to
temporal variations of the low-frequency wind field.
These variations, i.e., rapid changes in wind
amplitude and direction are usually observed during
cold front passages. In the northwestern Gulf, Chen
et al. (1996) concluded that near-inertial currents
were most effectively generated by near-diurnal
(high-frequency) variations of the wind stress
accompanying a passage of a cold front.

To understand importance of low- and high-
frequency variations of the wind to amplitudes of
near-inertial motion in the northeastern Gulf of
Mexico, we employed a model developed by Pollard
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Fig. 11. Clockwise amplitudes of near-inertial currents recorded in the DeSoto Canyon region during nonsummer months, obtained from

the complex demodulation for a frequency of 1cpd.

and Millard (1970) whose equation in a complex
form is given by (Chen et al., 1996)

U= (M)
where U = hu+ihv, 1, = (1, titgy)/po, f = Cot1f,
u and v are the depth-averaged current velocities in
the east/west and north/south directions, 7, and t,
are the east/west and north/south wind stress
components, 4 is the thickness of the mixed layer,
Cp is the drag coefficient of the internal wave
radiation propagating away from the base of the
mixed layer, f'is the local inertial frequency, and pg
is the density in the mixed layer. The transport U
consists of the Ekman transport (Ug) and inertial
motion (U;). The inertial motion then can be
estimated as follows:

"1dr ’
—_ [ 28 —ru-0g4y
Ui(t) = A/’ dte dr, 2)

where Uj is initially assumed to be zero.

Winds recorded at NDBC buoy 42040 were used
to estimate wind stress components following an
approach proposed by Large and Pond (1981). We
chose to use only winds for the nonsummer months
(November 1, 1997-March 31, 1998), i.e., for the
time period when passages of cold fronts are
historically very frequent in the northern Gulf of
Mexico. The model was forced by the 40-hour, low-
passed and hourly (both high- and low-passed) wind
stresses to evaluate quantitatively contributions of
low- and high-frequency wind variability to near-
inertial motions. Complex demodulation was em-
ployed to extract CW amplitudes of the simulated
near-inertial currents. These amplitudes were then
compared with those found at A2. We chose near-
inertial currents recorded at the A2 mooring for this
comparison because of the proximity of the A2
mooring to the meteorological buoy. This choice
should minimize possible phase differences between
the forcing and the resulting near-inertial currents.

Examples of predicted and observed CW ampli-
tudes are shown in Fig. 14. The best agreement is
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obtained for C,=4.63x10"%s"" (~2.5 days_').
Comparison of these amplitudes shows that the
amplitudes simulated by the hourly wind stress are
in reasonable agreement with those recorded at A2,
especially when the near-inertial motion is very
energetic such as that generated between February 9
and March 9, 1998. Discrepancies between observed
and modeled amplitudes could arise from not
including processes such as mixing, leaking of near-
inertial energy below the mixed layer, propagation of
internal waves into the model region, and trapping of
the near-inertial energy by mesoscale circulation.

As discussed, for example, by Xing and Davies
(2003), sub-inertial winds are much less effective at
generating near-inertial motions in the ocean. Ampli-
tudes of near-inertial currents simulated by a low-
passed wind stress (Fig. 14) support the above
conclusion. The amplitudes generated by the low-
frequency wind stress are very small when compared

with those observed at the A2 location. Even though
large near-inertial currents usually occur when the
wind rapidly changes its direction during frontal
passages, the amplitudes of the near-inertial motion
excited by low-frequency winds are rather negligible.
Thus energetic near-inertial currents in the DeSoto
Canyon region during the time period between
November 1, 1997 and March 31, 1998 were produced
by the high-frequency (near-inertial) variation of wind
field associated with passages of the cold fronts. Our
conclusions regarding high- and low-frequency winds
as forcing mechanisms of the near-inertial motion are
identical to those presented by Chen et al. (1996) for
the northwestern Gulf of Mexico.

7. Current—wind resonance

In the following section we focus on a more
quiescent (nonstorm) time period. This time period
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Modeled 2).

covers summer 1997, when diurnal resonant wind
forcing of near-inertial motions such as found by
DiMarco et al. (2000) is more likely to be observed.
Two criteria must be met for such forcing to be
effective: (1) the frequency of the forcing must be
close to the inertial frequency; and (2) the forcing
must be in phase with the near-inertial motions,

once they have been established. If these criteria are
met, the CW amplitude should grow in response to
a steady-amplitude forcing function.

As before, we apply a diurnal band-pass filter
(18-30h) to the wind and current data. Subsequent
analysis and discussion deal with these band-passed
data. The filtered current observations from the
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shallowest bins from the 11 sites (Al and D9 are
excluded) are then subjected to a time-domain
complex principal component (PC) analysis (Pre-
isendorfer, 1988). We do this because there are
differences among the records, possibly caused by
local effects such as stratification changes or
interaction with subinertial flows. Since the wind
field as measured at the buoy location is likely to be
coherent over the moorings selected, it is reasonable
to expect the directly forced portions of near-inertial
energy at the different sites to be coherent. PC
analysis identifies such coherence. The analysis is
based on the expansion:

N
W(xis k) = Y Zn(te) En(x)). 3)
n=1

The horizontal positions of the moorings are
indicated by x and time by 7. The eigenfuctions
(E,) of the covariance matrix of W (W = U+iV,
where U and V are east/west and north/south
current velocity components, respectively), are
orthonormal. The Z, (amplitudes or principal
components) are orthogonal, and each carries the
variance of its corresponding mode, n, equal to the
eigenvalue (EV) associated with the mode. PC
analysis is useful when the first one or two modes
are clearly dominant, and the eigenfuctions exhibit
meaningful structure. In this case, E, and Z, are
complex and have both magnitude and phase.
Essential statistics from the analysis are listed in
Tables 1 and 2.

The EVs (Table 1) show robust first-mode
dominance: its variance is more than twice the total
of the remaining variance. Furthermore, the
magnitude of the mode-1 eigenfunction (or EOF1)
(Table 2) is nearly constant over 9 of the 11
moorings, with magnitudes for D1 and El signifi-
cantly lower. Phase differences (TAN"'E| is relative
to B3 which has the largest amplitude) are relatively
small (except for D1 and El), with a maximum of
2.72h (assuming a diurnal period). Since the
sampling interval is 1h and data have been band-
pass filtered between 18 and 30h, these differences
are probably not meaningful. The 4th column in
Table 2 lists percent variance explained (PVE) for
the corresponding mooring record. Low PVE
generally corresponds to low eigenfuction magni-
tudes (D1, El and, to a lesser extent, C1). The last
column in Table 2 lists the velocity variance for each
record; their sum equals the sum of the EVs (column
2 of Table 1).

Table 1

Modal statistics

Mode EV (cm?s7?) EV (%)
1 1142 57.1
2 255 12.8
3 142 7.1
4 118 5.9
5 83 4.1
6 75 237
7 53 2.6
8 50 25
9 39 2.0
10 24 12
11 17 0.9

EV is the eigenvalue.

Table 2
Mode-1 eigenfunctions

Site |E;| Tan' E, (h) PVE (%) Var (cm?s™?)
A2 0.30 1:27 50 203
A3 0.31 1.07 59 191
Bl 0.27 0.54 62 134
B2 0.36 0.08 79 189
B3 0.43 0.00 79 269
Cl 0.22 272 43 129
C2 0.33 1.70 68 183
C3 0.37 1.08 63 249
DI 0.09 8.21 9 100
D2 0.32 2.12 55 210
El 0.13 6.46 14 140

|E,| is the first mode magnitude, Tan~' E, is the first mode phase,
PVE is the percent variance explained, Var is the velocity
variance

The amplitude (Z,) of the first mode is given by

N
Zi(w) =) EY)W(xi, 1), 4)
i=1

where (*) indicates the complex conjugate. Z, has
units of velocity; the real and imaginary parts of Z,
are hence U; and V,. We use Z, as representing
mode-1 current velocity in subsequent analysis, but
Eq. (3) should be used to derive modal velocities
comparable to observed velocities, W.

The mode-1 velocity components, U, and V|,
are plotted on an expanded scale for the period
of the sustained near-inertial current burst near
September 6, 1997 in Fig. 15(a). Inertial-band-pass-
filtered wind velocities, U, (the east/west compo-
nent) and V, (the north/south component)
(Fig. 15(b)) are also shown for the same time
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Fig. 15. (a) U, (black line) and V, (red line) components derived from principal component analysis of band-pass filtered upper-bin ADCP
velocities from moorings A2-E1 for the first EOF mode (see text), and CW (green line) and CCW (blue line) amplitudes of the first EOF
mode. (b) Band-pass filtered wind velocity components U, (black line) and V,, (red line), and CW(green line) and CCW (blue line) wind
amplitudes obtained from complex demodulation for a frequency of 1 cpd.

period. Superimposed are the CW and CCW
magnitudes calculated from complex demodulation
for Z, and W,, (W,, = U, +iV,,). Dominance of the
CW component is evident for the currents and
winds; however, significant CCW amplitudes are
also present for the winds. There is no obvious
correlation between energy levels for the currents
and winds shown in Fig. 15. However, there are
times when the wind velocity fluctuations are
positively correlated with the currents, hence
reinforcing the near-inertial currents. There are also
times when they are negatively correlated so that the
wind forcing reduces near-inertial current fluctua-
tions. The effectiveness of the forcing of near-
inertial currents depends on the relative phase
between the wind velocity components (U, V).
The wind forcing is optimal if the wind vector
rotates CW (as do the near-inertial current vectors)
and the wind is in phase overall with the existing
near-inertial currents. If there is no near-inertial
energy initially, the latter requirement is moot. The
optimal forcing is not necessary to generate near-
inertial currents. It is necessary only to have a
positive vector correlation between the vectors. This
occurs when there is a CW component in the
forcing; a CCW component may also be present, as
in the case of a rectilinear wind (equal CW and

CCW amplitudes). The phase relationships are
illustrated with an expanded plot (Fig. 16) for the
time period between August 23 and September 7,
1997. Figs. 16(a) and (b) show eastward and north-
ward velocity components of the band-passed
current and wind. Around August 28 the wind and
current are nearly in phase, and as long as wind
energy is present, the current fluctuations grow.
Around noon on August 30, the wind amplitude
approaches zero and the current amplitude levels off
and decreases slightly. The wind again increases in
amplitude starting around September 1 but is no
longer in phase with the current. By September 5 the
current amplitude has decreased to a local minimum.
These relationships can be quantified by examining
the covariance between the current and wind. We
define a complex covariance (Kundu, 1976)

Covec =Z; Wy, (5)
where (*) indicates complex conjugate and the
overbar indicates a low-pass filter. The real part
of Eq. (5) is the vector covariance. For direct
comparison with the wind speed, Covc is divided by
the smoothed current speed, [Z,|

,_ Re{Covc} U U, +VV,

Cov e —
|Z] VA

(6)
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In terms of CW and CCW components this can be
rewritten as

Cove = Z7e(W, e— ! + W}elet) = |Z7|| W, |
(7

and, since |Zl‘| is virtually equal to |Z],

Cov' = |W|cos (¢ — ), 8)

where ¢ and 6 are the respective phases of the CW
parts of the current and wind velocity, W, and W
are the CW and CCW rotary components of the
wind vector, respectively. The smoothing indicated
by the overbar effectively removes contributions
from the CCW part of the wind.

Cov' is plotted in Fig. 16(c). It has units of speed
and represents the part of the wind speed that is
correlated with the current. Where Cov' is positive
there is growth in near-inertial energy. This energy
diminishes only when Cov’ decreases strongly, or
becomes negative. Hence, small phase differences (¢
—60 ) and large CW wind amplitudes (|W,|)
correspond to increased Cov’ and growing near-
inertial energy. The phase (¢) of | Z; | and the phase
(0) of W, is plotted in Fig. 16(d). Both ¢ and 6
change slowly with time, with 6 slightly leading. An

increasing (decreasing) phase indicates that the
actual frequency of the fluctuations is slightly lower
(higher) than the 1.0cpd used in the complex
demodulation. The difference between 6 and ¢
remains small until about August 31 (Fig. 16(d))
where 6 decreases more rapidly while ¢ levels off
and then begins to fall after September 2. The
differing phase changes result in a loss of coherence
between current and wind and after September 2,
Cov' falls below zero and |Zj| falls to a local
minimum. By September 6, the phases are conver-
ging and the near-inertial current amplitudes again
increase.

The near-inertial current amplitude and phase
relationships for the period between August 18 and
September 27, 1997 are shown in Fig. 17. When CW
wind and current phases (Fig. 17(c)) are nearly
equal (as between day September 7 and 22) the near-
inertial amplitude (Fig. 17(a)) grows and is main-
tained by the CW wind forcing. This provides a
clear example of the diurnal wind—near-inertial
current resonance. When the wind amplitude
decreases (Fig. 17(b)), the near-inertial amplitude
levels off and decays (as near September 9). An
increase in the CW wind amplitude, when phases
are quite different (near September 23), results in
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Cov' (Fig. 17(b)) falling and the current amplitude
driven downward.

8. Summary

Near-inertial currents are common in the north-
ern Gulf of Mexico. Observations collected near the
DeSoto Canyon indicate that these currents have
amplitudes as large as 40cms™'. They also show
that the near-inertial currents are surface intensified
as expected for motions excited by surface forcing
(winds). Rotary spectral analysis show distinct CW
rotating energy peaks at near-inertial frequencies
and little energy in counterclockwise spectra at all
analyzed locations

Spatial distributions of CW variance and ampli-
tudes imply that near-inertial energy increased from
the shelf break to offshore. This distribution of the
near-inertial energy is very different than that
observed in the northwestern Gulf where near-
inertial currents have a maximum at the shelf break
and diminish gradually toward the coast and rapidly
offshore (Chen et al., 1996). The lowest near-inertial
energy at the shelf break in the DeSoto Canyon
region is probably partly related to the fact that the
shelf break in this area is near the turning latitude

(30°N) for near-diurnal motions. The presence of
the largest near-inertial currents over the slope
locations could also be related to the trapping of
near-inertial energy by negative vorticity generated
by energetic mesoscale motion present near the
DeSoto Canyon (Hamilton et al., 2000). Enhanced
amplitudes of near-inertial currents could also be
caused by offshore-propagating near-inertial inter-
nal waves and/or trapping of energy by fronts
(Tintoré et al., 1995; Davies and Xing, 2005) often
present in the DeSoto Canyon region (Hamilton
et al., 2000; Jochens et al., 2002).

The variance and CW amplitudes indicate that
there is more near-inertial energy in the DeSoto
Canyon region during summer months (June-
September 1997) than in nonsummer months
(November 1997-March 1998). For a given forcing
amplitude, an induced near-inertial amplitude will
be greater for a shallow mixed layer (D’Asaro,
1985). Due to differences in summer and nonsum-
mer stratifications, the shallower mixed layer is
usually present in this region in summer. Thus the
difference in the amount of near-inertial energy near
the DeSoto Canyon is certainly related to differ-
ences in stratification observed in the summer and
nonsummer months. A shallower mixed layer
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present between June and September 1997 was more
inducive to wind forcing and generation of the near-
inertial motion.

Near-inertial motions are effectively generated by
shifting winds associated with passages of atmo-
spheric fronts, tropical storms, localized thunder-
storms, and diurnal atmospheric forcing (sea breeze
and daily heating and cooling). In the northwestern
Gulf of Mexico, these motions are generally induced
by near-diurnal (near-inertial, high-frequency) var-
iations of the wind accompanying passages of cold
fronts in winter and spring (Chen et al., 1996). In
the DeSoto Canyon region, the largest near-inertial
currents are also found to be most effectively excited
by high-frequency (near-inertial) wind variations
associated with cold front passages between
November 1997 and March 1998. For this time
period, a simple mixed-layer model forced by the
observed wind stress provided a reasonable predic-
tion of the near-inertial currents in the mixed layer.

In summer, however, energetic near-inertial cur-
rents in the DeSoto Canyon region often result from
resonance between the winds and currents. The
resonant excitation of the near-inertial currents
by wind forcing near 30°N requires a diurnal wind
with a significant CW component with a relatively
steady phase that is in phase with any existing near-
inertial currents at the onset of the wind. A good
example of such an excitation is found in the
DeSoto Canyon observations between September 7
and 22, 1997, where the averaged CW near-surface
current amplitudes reach 20cms™' and amplitudes
at individual moorings approach 30cms™', in
response to the CW wind amplitudes of about
2ms~'. The near-inertial response is quite sensitive
to the phase of the periodic forcing, and an increase
in the CW forcing amplitude can decrease near-
inertial amplitudes if the phases are significantly
different.
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